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Dear Dr, Bahadori and Dr, Thayer

Thank you for the opportunity to bring to your attention our recent paper "How well can carcinogenicity be predicted
by hugh throughput "characteristics of carcinogens™ mechanistic data?” [tis an open access article and can be frecly
distributed to EPA staff and SAB members. A pdf version is attached. The paper can be aceessed on line at

hitp: /S sciencedirect.comyfsciencefarticle/piyfS02 7323001 7302 7 14 Mvia%3Dihu b,

EP& IRIS seems to be adopting the I1ARC approach for using key characternistics of carcinogens (RCC) from high
throughput screening (HT5) assays and other types of studies as mechanistic evidence for classification af chemicals. In
essence, this approach is based on implied and unverified inference - that bioactivity detected in assays putatively
measuring 3 KCC indicates high likelihood a substance is carcinogenic.

S0 we decided to explicitly test how well such HTS data predict cancer classifications, Substances that USEPA OPP
previously classified as having cancer hazard potential were designated as positives and substances OPP determined do
naot pose a carcinogenic hazard were designated as negatives. We downloaded HTS [ToxCast/Tox21) data for these
substances and then sorted the results into 7 KCC (data for the other 3 KCC were not available); we used the exact same
approach far assigning assays to KCCs as IARC. We then analyred the dataset using an extensive array of statistics and
machine learning algonthms. We found that the ability to predict cancer harard for each KCC, alone or in combination,
was no better than chance, Thus, concluding there's little scientific confidence in inference models derived from current
ToxCast/Toxdl assays for KCC to predict cancer. Accordingly, in the paper, we recommend an improved approach for
integrating such mechanistic data in cancer evaluations.

If EPA RIS intends to continue to use a characteristics of carcinogens approach for ToxCast/Tox2 1 and related
mechanistic data, please distribute this paper to all appropriate staff and scientific cantractors, as its highly relevant to
consideration of such data.

Piease don't hesitate to contact me if you have any questions on the analysis or conclusions reached in our publication,

Sincerely

Richard A. Becker Ph.D, DABT | American Chemistry Council
science and Research Division
rick_becker@americanchemistry.com

700 2™ Street, HE | Washington, DC | 20002

0: {202 249-6405

vowow, americanchemistry, com

s bR R b This message may contain confidential information and is intended
only for the individual named, 11 vou are not the named addressee do not disseminate, distribute or copy this
email. Please notily the sender immediately by email if you have received this email by mistuke and delete this
emuil from your system. E-mail transmission cannot be guaranteed to be secure or error-Iree as information
could be intercepted, commupted, lost, destroved, arrive late or incomplete, or contain viruses, The sender
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ABSTRACT

IARC has begun wsing ToaCasyTonZ | dats in eMorts bo cepresent ey charscrensnics of Cafimoesens Eo
organere ard welgh mechansiic evidence in cancer harard determinations ard this implicic infoence
approach also b5 being corsidered by USEPA To determane how well TosCase/ToaZ1 dats can explicithy
peedict cancer harand, this approsch was evaluated with stanstical analyses and machine learning
prediction afgorithma Sulrtances USEPA previounly classafied as hawing canced harard potential were
deuignared as positrees and sufntandes nol poing J carcmogenic hazard were designared & negalies
Then TomlasdfTom? 1 data weere arlyTed both with snd swithowt adpsting for the optaotaxciny bursy e
Conimily olsened mosuch avan Uuang che same assignments as ARC of TonCas TaxZ 1 assays bo the
VN Y CharaTerisbios ol carcinogens, the abulicy ta predicr cander hazadd Tor esxch ey characteriste,
alare of in cosrlilaathen, was fmd 1o be ro better than charce. Hence, we have inde scienbific confi-
derce m LARCS inference models devived from current ToxCask Tand] aveys far bey CRAracTenistics Lo
predict cancer. This Anding supparts the reed Tor 3 more rigorous mode of acticn parheay-bused
frameowork fo organere, evaluare, and imegrate mechanistic cvidence with anmal foxicicy, epicemio-
logical imvestrgations, ard knowledge of exposure and dosomelry to evaluate potertasl carcirogenic

hazrards and resks o humans
© 2017 The Awthorw Fublivhed by Fisevier Inc, This 15 an openl socss ailicle under the 0 BY-RNC-50
licerse (herp: ) redrecommonsongticenses by. ne-nd 4 0] |,

1. Introduction

Biotably, the chose of the hikely operative made of action, which
Cicrates the bow'-dose extrapolateon method, has significant con-

Cancer pathogenesis includes a number of molecular and bio-
brgical hallmarks (Hanahan and Weinkerp, 2000, 2000, This
recognition has centiibuted tooan increased emphasis on ince-
grating mechanistic data and knowledgze of mode of action [MOA]
inlo judgments of whether a3 chemical poses a cancer risk o
humans For many chemicals, the sceentific basis for assessing hu-
man  carciofgenic hazard, the selection of a dose-response
ratrapalation method. and the quantification of cancer risks an
cnigonnenlal kevels of exposures all depend on evaluation and
interpreration of mes hanistic evidence.
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sequences for risk assessrient and chemical repulation. For
example, USEPAs Guidelines for Corinogen Rink Assessment [ USEFA
2005 ) invokes a lincar extrapolation approach a4 a defavls “in the
absence of sufficiently, scentifically justifisble mode of action in-
formation” California’s Proposition 85 regulalory  provisions
routinely wse determinations of cancer hazard by the International
Apency for Besearch on Cancer (LARC) that rely on mechanistic
information, In California. should LARC determine there is sufficient
cvidenoe of carcinogensoity ineither humans or Libaratory animals,
the chemical |5 listed as “knmam to the stare 1o Cadse cancer™ with
ACCOMpREyLnE warnings to the public and regulatony limits corre-
sponding (0 3 linear kow-dose extrapolation intake level posing a
10" tifetime risk of cancer { hrops:)Joehha ca gov/propositon-65/
general-infofproposition-65-plain-Linguage]. Tor mamy chemicals,
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N COSensUs exlsts regarding integration of the availabbe mechas-
nistic evidence, hence, the positions of organizations other than
LARC often differ from thow of |IARC and from each other abaus
¥ehiether the mechanistoc dara are sullicient to support a determs-
natian of human cancer hazard |Dourson et al, 2013,

USEPA's Cuidelines for Corminogen Kisk Assessmient (USERA, 2005]
emphasize the importance of mode of action [MOA) analysis in
understanding human cancer risk and this document provdes a
framework for the analysis of mechanistic data Indeest, this
framework 15 consestent with The approaches of the World Heatth
Organizatson and the Intermational Life Sciences [nstitute Kisk Sci-
ences [nstitute (Meek et al, 2007, 2004; Boobis et al, 2006; Sonich-
Mullin et al, 20011 The fransework provides a rigorous and struc-
tured approsch for determining heman relevance by evaluating
evidence in both humans and ancmals regarding causally linked key
CHenTE i patleways beading fo caronogenic effects; in other words,
made of action To impreve scientific justification for the use of
MOA in harard characerization and dose- response analysis, Becker
obal [ 2007 | hawe dewveloped a simple sconng method for asiesang
confidence in the supporting mechanistic data for hypothesized
menclie] 5 ) of sCtion

LISEPA's TowCast™ program and the Toa2l lederal agency
dollaboration have been pioneers an high-thoosghput dn viero
wreening (HTSL and these programs have created a wealth of
mechanstic data, Despite much effort. it is unclear whether HTS
data can ilarn us of pofential hazards to humans (Hill ez al, 2007;
Com et al, 2016; Kleinstreves of al, 20071 The use of these HTS data
have been incentivized by being publicly available and IARC has
recently used the data In cancer hazard evatuations, Linfortunately,
LARC does not appear to fully apprecuace the detboulty in evaluating
ditd integrating such in wvitro data for hazard assessment, despite
LARC s gurdelmies thal encourage the Warking Groups to attempt to
identify possible mechanisis from human, animal, and 0 viero
data{IARC, 20060 L Recently, JARC {Cuyton, 201 5%) has indicated how
mechanistic data can elevate causal determinatbons from probable
(ARC Croup 2A) to known human carcinogen (Croup 11, from
possible {Croup 28] 1o probable [Groop 240 and from ot classiti-
abde (Croup 3) to either possible (Group 28] or probable (Croup
ZAL The IARC framewerk {Cuyton, 20150 alsn indicates that if there
is strong evidence that 4 mechaniam inanimals dees not operate in
humans, & sebstance could be downgraded from posible (Group
JB} to mot classifiable {Group 31 00 S dmperatoee that soch de-,
terminations ke based on nporous objecove and transpalent as-
sesnmienls and integration of mechanistc data

In ehis regard, IARC has developed a judgment-based grooping
of mechanbitic evidence lor wse in implicit causal inference, This
approach reles on ten mechanism-basesd key characteristios of
knoram carcinogens (Table 1] (Smith e al, 20065 Thas approsch has
Beent illustrated for two example chemicals [ue, benzene and pol-
yihlonnated Biphemyls) vsing chemical-specific datasets { Lauly-
Lecretan et al, 20M3, 2006, McHale er al, 2012 Recently, LARC
Working Croups have extended this inference approach to ToxCast/
Tom2 | assay data by assigning various assays to seven of the ten key
characteristics of caroinogens using expert judgment and then
inceporating ToxCaslToxd ] resulis as part of 1he evaluation of
e haneatic evidence [Guyton, 3015%; Loomis et al, 2005; IARC,
2016ab; TARC, 2017 However, JARC has yet o provede amy spe-
cific detuls of the Working Groups’ assessments of the perlos-
mance of these mechanisoe xsays incloding assay relevande,
repriod ucibilingreliabiliy, specificiny and domain of applicabiticy
andd predsctnaty, To an outside observer, the LARC process currently
appedars a1 an od hoc subjective evaluation of the mechanistic -
dence by each indiidwal TARC working groug withour soodmja-
oying @ priord wiencebased ground roles or systematic guidance;
this evidendce ingludes ToxCastTon2 1 and other data geouped inlo
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exchod 7110 key characieristics of carcinogens. The Working Groups
then assign a descriptor of “strong” “moderate,” or “weak™ to the
mechanistc evidence, and these descriptors may then be used (o
alter determinations of potential fioman cancer harard,

WARCs preductions of cancer hazard could be signiflcantly
impraved by adopting & more scientifically robust appeosch for
infegrating mechanistic evidence in liew of the current od hoc
meethod, This improvement would also apply to wse of mechanistic
clata such as TowCastTox2 1 pesulis in kazard sdentificanon and nsk
ditesthent programs in other organizanons (e, USEPA, NTH)
RIEHS, EChA, eic) to strengihen the sownnfic foundation of de-
cisions that rely on such assessments. Besulnng eegulatory de-
cuilons would in fime come to reflect this knowledge of ey
malecular and cellular responses assocuated wath cancer patho-
geneils revealed by these 21t century technologies. The intent of
this paper is to evaluate the approach used by LARC Woiking
Groups invelving the reliance of ToxCast/Tox? 1 results associated
with various key characterstics of carcinogens to inform cancer
hazard determinations.

2. Methods

A schemate summanizing the workdlow of this inwestigation
(elata acquisition. anabysis and interpretatien] s presenced in Fag 1
Data rich chemicals previously evaluated by USERAs Office of
Pesticie Programs’ Cancer Assessment Beview Commutiee [((FF
CARC) for carcinogenic harard, largely bhased on GlP-conducied
rodent cancer blodssays using USEPA or OECD test guidelines,
were used 1o test the hypothesis of whether ToxCast/Tox2]
mechanistic studies indicating bloactiviny in ene of mage JARC key
characteristscs can rediably distinguish caronogens frem non-car-
anogens—ihe former being chemicals classified as posing a caroi-
nogenic hazard to humans and the latter heing those without a
human cancer hazard Since USCPA gusdelines have been updated
aver the years, different guidelnes have been wed in classifying
1he chemicals depending on the date of the assessment. Heoce, for
1he statitical comparisens and predicton analyses, pavo groups of
chemibcals wete used: thowe classified as having human cancer
hazard potential [Le, “KnowniUkely™ or Group A] as positives and
subseances not posang & carcindagenic hasard (e, “Not Likely®™ or
Group E1as negatives.

The rationale for deawing the dataset from USERA classificarsons
and not [ARC ¢ Lasufications is as follows. First and foremase, itis not
posatble to deugnate sufficent negatives from JARC because AR
Group 1 sebstances are described as “Hot Clasifiable as 1o s
LCarcinagenscity to Humans™ and LABRC has oaly designated a sipgle
substance as “Crovp 4, Probably BNo Carcinogenic 1o Hemans®
{hetp: Imonographsiarc. rf ENG/Classtication IART ], Therefore,
since USEPA s condsdening wiang the ten key characierinviics of
carcinogens within thelf evolving systenatic review procedures
[LSEPA 2005; LUISERA. 2007, and USEPA has an extensive st of
robuat, data-rech chemical evaluations within its Office of Pestiode
Frograms [OFP], the datasel for analyses weas drawen Trom USEPA's
Annual Cancer Bepore 2006 { USITA, 2016] This report summuarises
the weight of evsdence classifications of offical regulstory de-
terminations of carcnogenic hazards o hemans (USEPA, 20161
ToxCastTox 2 data are available for 194 substances classified by
USEPA as Mot Likely to be Carcinogenic to Humans® and "Group F-
Evidence of Moncarcinogenicily for Humany™ Thus, for this dataser,
there are a sefficient number of subsrances that can be used as
“negatives” for prediction modeling and analysis. Only one sub-
wlance with TosCastTon2 | data [diuron)in the LSEPA 2016 Annoal
Cancer Report of chatacterided a5 “EnowmLikely™ and this sobe
slance wias included in our analyis as a “postve,” since 7 wds
classified as “Likely,” While the “positives” dataset coull have been
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augmented by including the chemicals in [ARC Crowp 1 and Group 2
that are not part of USEPA's Annual Cancer Beport 20006, we elected
not ta do o, primanly because of known differences in the weight
ol ewidence procedures for cancer evaluation used by IAKC and
USERA. Most importantly, USEPA uses a transparent and compre-
kensive weighe of evidence process that typically includes pubdic
comment and independent peer review procedures, whereas [ARC
deciony employ strength of evidence evatisaon procedure
[Bootms 27 al, 2016] within closed meetings of selected inared
o Pt

21 Assays and key charmeclernisncs

We used the [ARC Working Group's assipnment of specific as-
5ay5 (o the key charscteristion in this analysis (JARC, 2017). Notabdy,
we did not conduct an independent evalustion of the assays nor did
wor independently assign assays o the key characteristics. The ten
key charscteristics [Smith et al, 20007 and the number of aswnys
assipned 10 each key charactenstic (IARC, 2016b; 2011 are sum-
marnzed in Table 10 AR [2006<, 2017 identified relevant TowCast)
Toxd1 asvsays for 7 of the 10 IARC key charactenstics; no TowCast)
Tomd 1 whsays were aswoniated by IARC wath the following < harac-
teristics: alters DMA fepaif or causes genomic instability; s
imrmunosuppressive, and; causes immortalization, Hence in thes
andlyus we only address these sewen key characteriatecs: (1] [s
electrophilic or can be metabolically activated to electroptules; [2)
v geootoxnic; (4] Indoces epigenetic alterations: [5) Induces
ouidative stress; (6] Induces chronic inflammanon; (8] Modulates

receptor-mediated effects; and {10) Alters cell profiferation, cell
death or nutnent supply.

TowCast(Toxd 1 data for 54 chemucals mecnung the criteria as
pesitives and 194 chemicals meeting the critenia as negatives were
compiled from USEPA's online TosCast/Tox? summarny files aind
grouped to cach key characterstic for the seven key charactenstics
[data accessed and downloaded on 3 Awgust 2006)

22 Accounnng fod cyiofaicity

Cytotoonity and non-spedific responses prewent major chal-
lenges for interpreting ToxCast/Tox21 chemical-assay combina-
tionw To date, all of the [ARC Working Groups” analyses have been
conducted wilhout considening the concentratien-dependent burst
actnaty phenomenon described by Judson et al (2016} this phe-
nomenof is oheerved both in cell-Tree biochemical assays and as
cytosnxicity in cell-based assays. Recently, several opiotnxicicy as-
wiyn wialhin ToxCast have been used to screen ind ividsal sulstances
and develop concentration thresholds to distinguish specific ac-
tiviey of a chemical from high concentration, non-speafic effects
Hudson et al, 20161 [ARC did not adjust For cytotoxicity, and we
initially analyzed che ToxCastToxZ 1 dataser wilhout this adjust-
miehl lor consestency with AR (see Supplemental Matenial L

Based on conuments and sugpestions on the ininal analyss, we
conducted and herewith present the identical analysis conducted
on J dataset adjusted for the actwiny st phenomena, The
adjustmient selected hits below a oytotoxicity threshold previously
defined by Judson et al, { 2016], For each chemcal, oytotoecing was
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delined by 33 related assays, where a hit in 2 or more assays was
desgnated as an active buist response. The burst regesn for each
hemical was equal o 3 times the ghobal median absolute devia-
tion, whech also comprised the lower bound cytotosicity threshabd.
Hits bebow this threshold were wlected to adfust for burst activiny.

Mot all assays were run for each chemical, hence different
numbers of assays were assigned o each charaeteristic and the
overall dataset secessarly contained null data. Kostof the analyes
woere condicted on the percent activity for each chemical within
each key charactenstic. This was determined by dividing the hiz
count by the tofal number of tested assays, For consistency with
some of the analyses of Hill ez al [2007 |, we also wwed assay hits per
chemical as a measure of overall actving. & summary of these data
5 provdided in Excel spreadsheets, as parm of the Supplenental
Material,

2% Srohstical anolysis methods

First, we comparesd the distnibution of assay hits per chemical
ol all the assays for substances clawvifed as having human cancer
hazard potential to subtstances not posing a carcinogenic harard
using the Kolmogoroy pwo-sample test (eg, Hall et al, 2097 We
neat attermipted (o segregate both the percent actmviny resulis and
bt calls per chemical by key characteristic and explored differences
between chemicals based o assay results using plots of empirical
cumilative destriburesn functions [T ) Tor each characteristic, We
then examined whether pnncipal component analysis could reveal
4 cifference between pasitives and negatives based on kic catls for
all seven key characteristics. To explore similarities differences of
responses of positives and negatives based on key characteristic or
indvidual assay hit calls, we weed 1he Jaccand similanty index, a
methad simalar ta the Tanimoto index for cheminlformatsc simi-
lanty thrtps: i pubchemons b nlmoni b ges | soore_mat i soore
matrix-hefphimil Using the Mredicove Anabtics Toolkit (PAT
A7) a Tree Excel add-in that provides a polnz-and-click inter-
face for conducting advanced prediction analysis from Excel using B
packages, we then applied statistical and machine-kearning alpo-
rithms for detecting, quantifying ard visualizing dependencices
between asway resulis and cander classifleasons, inchading logistic
regression and correlation, classification and regression frees
(CARTSY, Bayesian nepworks, and model ensembles [Random Foresr
envembles of CART trees). This was followed by exploranon of
black-Bes predsctive analytics algorithms, using the PAT, to maxi-
mize predsciive power wathout considering interpretability of the
undertying madels. These sratlsncal methods are described briefly
befmw in Table 2: Full detals of the methods are available in the
Supplemental Material.

T Results

The reaults of our statistical and predicoon modefing anabyses
are briefly summarized in Table 2 for the dataset adjusted for the
dfivity burst effect: results for the unadjusted dataset are pre-
senbed in the Supplemental Material, Creerall, the resuls indicate
thae, for the curtent TaxCast Tom 2§ assays and datasets, predicting
cancer based on dara for the seven key charscTeriatics, either alone
ar in combsnation, o furdamentally oo better than chance—-
whether or not adjustment is made for the acoary burst
phenamena,

AL Sronsncel aralyses
Table 3 provides the summary descnptive statistics for assay hits

per chemical over all the assays for the adjusted data, simalar to the
data representation in Hill et al. (20171 The distributions of assay

hit calls for both positives and negatives are not normal asd comtaimn
a high propartion of zefos Simalar to Hill et al, [2007 1, the Wilooxon
rank sum best was used to detesmine if the distributions for posi-
toves and negatives were statistically different—they were not for
cither cyloloiniby-adjusted data or unad justed dara Wuing percent
Hotiity within each key characteristic complicates the chasce of
stanistical rests becaute of the large numbers of zeros and ones and
the ranking methodology used in the Wilcoxon test, Hence, the
Kolmogorov-Smimoy (K5 reo-sample test is likely the mou
Apgaepriate test for determining any difference between the dis-
tnbutiods of percent activity values for positives and negatves
i1 50kal and Kohld, 1981

The empirical cumulamve dismmibations [COT) far each of 1he
weven key characteristics from the dataset adjusted for the activiry
burt phenomena are plotted in Fig 2; these data were analyzed
using the Kolmagerov-Smirmofl two sample test Bone of the weven
distribution pairs were significantly different for the dataser
adjusted for the activity burst phenomena. The analysis of the
TomCanrTond § dlataset unad justed for the activaty berst phenomena
showed four of the distribution pairs wers not signifcanily
different. while the remaining three distnbutions pairs shosed
significantly greater ToxnCasiTox2 1 acooary for chemicals classafied
A% el haang a human cancer harard potential (see Sopplemental
M.!II!EII.II:L Sirmilarly, a principal component analysis was also un-
abde to disnnguish positives from negatlves over all seven key
charactenstics (Fip 3; Supplemental Material for the data pot
ad justed for the burst phenomenan

if the seven WARC key characteristics were predsctive of carci-
nagensity, then wang another mapping technigque, Jaccard simi-
Lamcy analyses, chemicals cluisified as having a human cancer
hazard potential should segregate from the non-carcinegen not
Likely carcinegens. Howsever, a5 shown in Fig. 4, for the dataset
adjusted for the activiny burst phenomena, there s no readaly
apparent separation. Similar reswles were found for the daraser that
wian not adjusted for the burst actnaty (Supplemental Materisl L

312 Regression emalysds end apalyis uiing mochine eorring
predician algornithas

Table 4 presents the partial correlaton coefficients cbrained by
correcting the correlation between each pair of varables for the
levels of other variables wing linear regression, For the dataset
without adjustment For the st phenomena, “Induces Oridative
Stress” was the only key characrerisnec slgnificantly correlared wath
4 positive carcinogenic hazard, However, in the analysis conducted
ot 1he datadet adjusted Tor the activity burst phenomena [exg.,
cytotomsciny b, this stamestical significance ceased 1o eaisr [Table 49
mone of the key characcenstic were sigmificantly correlated wath
having a powtive cancer hazard potential at a p-valoe of <005, For
the dataset sdpeted for the activity burst phenomena, peadiferation
is a borderline sgnificant predicoos with a povalue of 009,

Bayesan Merwork [B5) analysis (Fg 50 where the amows be-
twieen any two nodes indscaze a probabsliny relationship of the rao
nodes, indicated a number of the key characterisocs as significantly
associated with one ancther for bath the datasets. For example, for
both datatets, the awociations among “Cusdative Stress™ and
“Epigenetic Changes” and “Chronic Infllammation”™ were statistically
significant Nevertheless, simular to the linear regresilon analyss,
for the dataset not adjusted for the activity burst phenomena, the
BN anabyss onlty identibed “Induces Oxidatove Stress” as the key
characteristic significanily linked with a positive carcinogens
hazrard [Fiz 5a), but this relatonship ceased when the dataset that
was adjusted for the acooaty burst phenomena was analyzed
(Fig. 3b)

For bath CART tree anabysis and bogistic regression, yet again,
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Duatpe, Tu compare the similaniy |and diveriry | of the TasCid prwsy for rach of the seven key chazacterivecs of e eegatives in |he cormespondang resulos for the
georelivnts Thae L card enefficient (rangmg from 0 ro 11 wihech swaiures similandy betaeen pasry of cremucals based o U wef of key o harscfrmeics, The Jocand roeMcens
ik wfMilit Lo the Tamimnln metri used for chemesdormarion simsbarirg, For rach pair of chemecals, 15 facrard coeMalent i defined g bhe sige of the intersection of the
datawets dividnd by the wise of ibe union of the datasece Bahe 7 LARC by o haractrmstics were predicive of farcinogena @y, then the positaees should sepregare from che
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Clasaiffic atiom and Brpresadon Teees |[CARTL)

Durprer, Machine-kearning mettods mere wed for romseructing prediction models from TosCast data, The models were deveioped st de o frees based upen the
TunCant data for (%o wrven bey charaneritics of the peestives ard pegatven. The e sErur e is gl abde £n any pomber ol wariabies, and susdels ane oy alueed 2 berms
of thewr ability ta preduct the clizs to which the daza belongs

Ersulny” The CART Ciee dubysia for ihe dependent variable (ur. cbemaals clissified by EPA &5 having cancer hirard poirrdusl) dod nof stennify any of B sven by
wharacteristbicny an 4 vgnlfcass predicres of bring rlavufied 2t 2 carcinopen
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Putgee. Tuwwahube | he probatitistic relcianships betvecen the TooCast data and 1he seeen key chasaner sl y of seromopena. Al seven kg char a1l ey arad Toxlas
Catd were auktmibikd anlo @ condibional probabiling table 250 Aushine karning algornhms were used 1 perfabm inferrner and farning in Bayealan Meraosk [BN 10
Charaernze 15 Cuime & jerdrror probaibuley har TosCasr eesulls Cin predict carcmogenione

Besults; Arhough a pumber of te bey charsciermios were seen 1o be gndficantly surletrd weh one another for boeh e datasess, For the BN models deseloped Irom
Uhe Tealant Toad | data for o seves bry s haractrnarics were not able 1o peedit Catcmenrningy These resulis are Kghly £emaen it & p-salur af < 05

Felewdr] [ nesrenbles. [Ramsdom Forest Ensemblos of CAXT Trees]

Duiigrsr, Errlory Earvdom Forests anaysis {an algoedhim and compatsional procedures | i inwrigare dnd discrver comples nonfizear relicianships fetesrrn myptanalony
[Tizalail data for rach of the seven ey characenzion ind cufoome varables [chemicals dassified by FP% g= hrving cancer hazded poeennal and subsEencrs [ R4 bas
determined da fet powe a cainogemec harard |

Besulre: Na preditas pristorehips were observed, with B fadrption Lhat ihere was 2 slanstically wrefe snd ascxistion, ibeeshold like nonlinesncy, Beraren pro-
llerann ied b prohstaley of brmg 2 chemcal clasufed by EPA a5 havmg cancer harard pocennal (Basnd of e arman's rank correlation of 054 and g she 6 050
Black: Bos (BB} CLissification snd Brgression Predicifve Masdeling

Purpere” Lsing maching Irarmimg An develop predicose machemacical mealely based on the EP8 classifearaoss of caecinesenic prientid gnd the TosCast dats and the seven
bry characteriatkn of Citcustgenn. Dhnpant ireming and iesr subsen of 1be dats verte sulomanicaity oedced and multiphe roels Jes ledirs CAET eree and randem e
rree ey ] were Ar 10 the trweng e and them evahuaied oo the e oL

ity None of these automaced prede e modebrg a'zorthoms performed well on the 1rd wri The BB modeis developed froen the ToaCaseiTrn2 | data for che seven ke
Chadad Levisl ey weere nob able to predict carcinogeaacdy

* Because rof all askays ihea b Barac eredic were esoed Tor edch chermacal, | he datase necearty contained salls For the KS 8ra, FUA and Jaccard similarabes, D miei ey

wrre adusted 1penificily to ke fo srount e preserce of null diea

Takle 1
=ammary dewnpltive sLilntios for axuy bt calix (or posicives and negaives from the
et adprred for e acrriry Bard phenomennn,

Aandy Hire Per Chetieal  Mean Sandiard Deviees Counl Mpedan
e vy 274 37 LT 245
Rgativr 117 @ 134 13

without sdjustment for the activicy burst phenomena, oxidative
stress wias the only significant predictor (Table 5) and only at
relativedy high activiny bevels (=0 4381 which are attaised by only 9
of 248 chemicals [Supplemental Matenal] and for the datawet that

was 3 justed Eo account for the activicy brst phenomena, none of
the seven key charactenstics were identified as a predicior of car-
cinogenicity (Table 51 A similar pattesn was observed with Random
Forest analysis [an ensemble of CART trees it to random samples of
the full data set]. For the dataset adjusted for activity burst phe-
nomena, a pamal dependence plot revealed 3 theeshiold-like
nonlinearity between oxidative stress and probabslicg of posing a
carcinogenic harard, After adjostrment for §he activity burst offect,
this relationship with oxidative stress ceased. and a statstically
significant threshobd-like nonlinearicy between proliferation and
the probability of posing a carcinogenic hazard was observed [see
Supplemental Masenial for details), Consistent with the foresoing
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K5 Test Results

1] Elechrophilic, ns, p = 0 99595

2) Ganolxc, ns, p = 1.000

3} Epegenetic, ns, p = 095917

4} Crodative Stress, ns, p = 02450
S)lammaton, ns, p = 09983

G} Rocopior FX, ns, p=03287

Ty Prolferaton, elo, ns, p = 03749

"% Activity calkculated from assay results
corrected for cyloloxheity

Fig T Empiricad cumulicres dierBed oo of peries aiviey o0 chemicaly chaysfied @ Baing 4 buman cencer g prtrntiad [desigrated Loand pedind inoied ) dnd chemicals
Tl el 28 haweegd 3 human ascer Barard potental from chose chak do not pose 3 carcinogrmic hatand (drsgnaned UL sl placind 10 Bhee ) od #ach of weenl key Char nerisio rom
rtet dlaranes tht wak af pared for e accriny st eflere. The lac m e lower righd sbown Uhe pwalues T 1he Knliiongiho-Smisay fao-samphke 163 [ne: no sigefcan difference |

results, wsing black-box predictive analytics, in which disjoint
training and fest subsets of The datawere automarscally oreated and
muleiple models (i luding CART trees and random fooest ensem-
Bles) were it to the traning data and then evaluated on the test et
none of these aviomated predictive modeling algontheos ped-
formed well on the test set, with or without adpustment for the
actiwiny burst effect (see Supplemental Matenal for detals ),

4. DMscussion

A great deal of rewearch arrention has forused on establishing
confldence tn HTS assays (ssch as TonCastTox2 1} as markers [af
complex apical beelogical responses such as chemical carcinogen-
eLls, Some scentists passionately champion, some merely hope for,
whilit others decry the wfea that these HTS asiay oufputi may
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4 Oxidathen Stress |T.8%)
& Inflammation {3.5%)

B Racaplos FX {(1.3%)
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10 piot of PCA conducted with Cylofoascity -adjusted % Activity. Theme fs
carcinagens {red circles| and chemicals not
likety 1o be carcincgens (blwe 5's). The explained varkances fof the seven

Fig L Three dimessihonad phor of che Frindipal Comprment Anafysis LPCA | resafon inchedmg all seven key characternncs lor the chemécals clissified a5 pasing carfinogenic harard
(red BEed fircles] and ctermibcals tha do med peer o carcnogenee hapaed [hoe sy ] from che daiaset thar way afpered for che sooving bura effec

facilitate more rapid and economical dennificancn of chemical
topcities, Soentific datasets from TaxCast/Tax2 1 HTS assays along
with existing evaluations of chemical cancer harards offer unsgoe
appoitunities 1o develop and evaluate hypotheses related to the
wse of HTS data fof harand chafactenzation

AL Taw(auToxll dota cannot redichly dishnguish or predice
ciieritlcads thal pose o caminegenic borard

Our extensove analysis stands tn contrast to the impleed infer-
ence madel, or suppasition, that ToxCast Tow2 1 assay resulos are an
indecation of biolegecal actvicy underpinning mechanisms that can
b cavnally related to classifying patenbal carcinegenic haraeds o
humans, We found no statedically significant dafferences in Tox-
CastiTon2 ] respontes for the weven [ARD key charactenstics of
caronogens between "positves™—substances determined 1o have
human cancer hazard potential —and “negatives™—subatances that
pose no cander harard, The onty excepion was for the ToxCast!
Tox21 dataset unad justed For cylotoxicity; Tor that dataser, ooida-
trve siTess was the sole predicoor in a few of the analywes and the
predective power was marginal, Howewer, after adjusting for oyio-
rosiciy, thee predicisveness of this key charactenistic ceased. Overall,
for this dataser, we cannol pepect Lhe mull lypothesis that the seven
IARC key characterisncs represented in TowCasrToa2 ] assay resulls
1211 1o dallerentiate substances USEPA classifies as having cancer
hazard pocenteal from substances not poing 4 carcinegenss hazard.

To date, taken collectively, mast resulis [and models] indicate

that ToxCast Mo | assays fall short in relably predecting human
cancer tink classifications, The reselts reported herein are consis-
tent with the previous reports of Thomas et al, (20021 Benigni
12013, 2004} Cox et al. (2016] amd the fecent repoart from Hill
et al, (2097 ), Similar tooour soudy, il et al {2017] alio vused Tox-
Cast assay hit-calls and cancer classifications from USERAs OPP 1o
evaluate the abality of HTS results to predict cancer, Hill e al. 2017
did not aprregare results for characteristics of carcinogens, but
rather grovped the TexCast HTS assays into three calegories: all
ankays, A1l cancer-related assays as identified by Kleinsorewer e al
(2013), and asways that targeted oytotoxicity as an endpoint. Us-
ing ToxCast dara that excluded activity within the burst region, Hill
ef al [2M7} demonstrated that neither all assays (HTS hits por
chemscal] nor TS feaults for cancer: related assays were capable of
distinpuishing USEPA'S “prabableihkely” carcinogens from “not
hkely® carminogens. Only one comparison reported oy Fhll and
dolleagues was significant— for the HTS oytotoxicity catepory, the
muriber of hits per chemical was greater for the substances decmed
by LSERA a5 “prabable or hkely® carcinogens. Moreower, Hill et al.
(27 confirmed the determination of Cox et al [2086) that 1he
prediction modeling reported by Kleinstreeser et al. (2013 corre-
laning cancer pathiway biostivity scores based on TowCast data wath
imwviva carcinogenic effects in rodents was guestionable, and, for the
minst part. is no better than chance abone.

In the dlatawet lacking the adjustment for the burst phenome-
not, the predective power of oxidative siress was stanstically sig-
mificant in 3 Limited number of dnabmes; thess relationships,
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hoveever, ceased when the daraser was adjuired for the burs
phenomenon, These findings indicate considerable cauticd nesds
o be raercived when evaluating ToxCastTon2 1 resules for assays
deternuned fo be relevant o the key characteristic of ouidatve
stress. Bus { 2016 ) analyfes and discusses indetail the challenges in
the use of cosdative stress as a key charactenislic and documents
limitations of the IARD cancer hazard evaluarion of ghyphosate thar
used published studies toinfer strong evidenoe of axidative stress.
For example, the LARC Working Group examining mechanistic data
for glyphosate ignored toxicokinetics and wncntecally relied on
i wirro stodies in which the test concentrations could not have

been physically attained in amy in ovive animal test, much less
humany, Although the reliance on TowCastTox2 1 oxndative siress
results by the [ARC Working Groups engaged in Moncgraphs 112
and 113 appears to have been limized, the facr thar the data was not
adjusted for the burst activiny effect should be noted. 1n the Tuture,
given the relationaship berweeen high-dose opotnxdaty, the activicy
bursl phenomenon and ToxCastTox2 1 assays deemed indicative of
the characteriste of oudative stress, it is imperative that adjuss-
ment for the burst phenomenon be conducted in advance of
interprenng resulos a5 suppemng evidence of aciary pelevant 1o a
cancer harard for humans.
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Similatly, the ToaCast assays mapped o the charascterintic “[s
Cenotoxic” comprse only 9 assays, all ofwhich are P53 consimnicts,
Although these p53 ToxCastTos2 1 data were used in JARC Mopo-
wraph 112, in the subsequent Monograph 113, the p53 assay resulzs
and the characteristic "5 Cenatoxic™ was dropped from the Tox-
Cast{Tow2 1 section of the analysds; enly ToxCast data mapped to the
remaining six key characterlsies were vsed in this section
Although Monagraph 113 provided no explanation lor the state-
ment “noassay [ TowCastTos2 1 | end- pomnts were mapped o this |1
Cenotome | charactenistic,” it seems Lkely thar the [ARC Working
Croup for Managraph 113 concluded that 9 assays all focusing on
33 did not robustly fepresent this key characterisoc.

Goodman and Lynch [2017] have onticized the JARC processes
for integrating mechanistic evedence used by the Working Groups
15 Lacking rigor and transparency, In conducting this analysis, we
confirmed that the assigruments of various Tox2 1 ToxCast assays (o
key characieristics, the process IARC follows Tor integrating Tox-
CanlTox] data {andor other mechanistic evidencel, and the
aritenia for charactercring the totality of mechankstic evidence as
“utrong.” "moderate,” “weak,” or “inadequate® for each characoer-
10 have not been explictly documented and apparently have not
been subjected to independent scientific peer review puldlication in
the open scentific literature. This Lick of franspacency and scien-
tilic rigor, taken fogether with our Sadings that TosCastTox21 re-
sults for the seven |ARC key characteristics fail to differentuate
carcinogens  rom non-carcinegens, raises  doubls about the

progosed use of such mechanistic evidence for elevating human
cancer hazard classifications (Guytedn, 20151

4.2 Challenges Using ToxCosgTow] darg and ey chormotenstics of
Carcimmegens

An important kmitation of HTS-based prediction modeling
aterns from the Fact that the ToxCastTox21 ascays themselves have
el [t the most part, been speaifically desigmed 1o evaluate key
steps of stages of the pathogenesis of chemically-induced cancer,
Smith et al [2006) reported that, at the initial 2002 LARC workshiop,
invited experts identified pawency four mes hanistic endpoints, each
with a number of subcategomnes, and then at a subsequent work-
shog, the invited participants merged a number of the character-
5tiCE to armive L the ten key characteristics. Although nob evaluated
by IARC or here, for each key charscteristic, the extent of variabilioy
of results within and across TowCastToxZ 1 assays, as well as the
weivsilivity, specificity and domam of applecatnliny of each ToxCast)
Toxd1 assay, are important elements to take nto account for bath
implied and explicit infevence, Even though the LARC Working
Croups were presumably able fo assign ToaCas Ton2 1 assays to the
key characteristics, a number of questions bave yet 1o be Folly
addressed, such as: How well do the assipred assays rellect the
underlying biclogy or mode of action? How well do the key char-
acteristics actually represent cancer pathogenesis? What set of key
chidrdc teristies and assays are optlimal?
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Although Hanahan dand Weinberp (2000, 20117 provide
considerable insight into the natere of cancer pathozeness by
identifying binlogical hallmarks, the authors emphasize that iden-
tificatson and confrmation of the hallmarks is sl 3 work in
progiess. For example. inflammateny response is identified as an
emeiging or enabling charactenstc by Hanahan and Weinberg
L2011 and Smith et al. (X016] identify the abilry o induce
inflammatson as a characteristic of carcinogens, bur wihether
inflamrmatson is 4 causative factor for Later hallmarks or a pesuly of
earlser hallmarks semains an open guestion.

Adimuration of they analysis is that onby ToxCast Toa2 1 data were
conssdered, wheteas in the recent JARC evaluations, resuls from
other mechanisnc assays have apparently been included. Mever-
thefess, the work descnbed here and other studees demonatrate
that the current battery of HTS assays does nof yer produce data
that can eeliably predict carcinogenic hazard {Thomas of alo 2002,
Cox et al, 2006, Hall et al, 2017), As the understanding of cancer
MOAs progresses and new disay Technologies are developed,
endpoint-specific suites of assays and computateenal methods thar
reflect both towicokinetics and cellular pathways may allow for
better predictne performance, Al the poesent time, one cannat
conclude from in virre studies alone using assays currently mapped
to charactenstics of carcinagens thar one o muliple molecolar
mechanisms are likely to be operative in inducing cancer or
cicating o vancer harard, At most, the ToxCastTox2 1 data can
indicate the potential for a chemical to interact with one or morne
biological pathways, Aut interaction at a molecular or cellular level
15 00 the wamee a3 causation of an adverse effect wach as cancer
in wive.

Acommon goal of the ToxCasyTox2 1 program and the Adverse
Cutcome Fathway (A effort s to discover which specific asiays
reflect imatial molecular events or eaily key events wathin biologscal
pathways [Lalone et al, 2007; van Bilsen et al, 2007 L While mamy
of 1the HTS assays have been desipned 1o be exquisitely sensinwe,
thete disayn are uncouipled from the rormal physiological met-
works that oocur in vive and therefore lack appropriate biological
context (e.g. amon ef al, 20051 Such cellular pathways and net-
wiorks involved in homeostasis can have “cleag-cut, mechanbncally
definable thresholds® or tipping points (fhang et al, 20141 The
concept ol “molecular tipping points® and the idea that detection of
bissi trvaly swithin early key events may not necessanly bead to the
i fes tation ol an adverss ouloome iy made abundanthy clear ima
comprehensive analysis of the MOA of phthalate-induced lover to-
mors in mace by activanon of MPAR: [Lake er al, 2006]. The concept
af doe-dependent tipping points i intonsic to key event re-
Latsorships and necessany to fully understand the role of these early
Eey evenly within pallhways of cancer pathogenesis (Shah et al.
20161 W of Woary hit calls 0 encode away resalls instead of
cupressions of potency and efficacy agnores both the sdea of
“upping poinisT and what other Lirer obbigarony ey events must
oocur for cancer progression. While the halimarks of cancer are
reflective of events within bath normal bomeostatse mechanisms
aned caner pathogenesis the wie of Wnary hit calls as an indicator
of relevant arivity in ssch pathways is Llikely oo generalized as o
ignores impertant dafferences ain dose and potency, and dose-
dependent transitiens [Shkker et al, 2004) that distinguish
normal physeelogy from pathelogical processes, Thas approasches
such as thowe of IARD which appear 1o use mechanislic evidenoe,
i hwding TowCasrToa2] dara, are Nawed and misbeading because
they do not explioly integrate dosimetry, temporalioy, and cao-
sality inhefent in key ewent relaonships.

4.3, Opporrumicies fo address tfhe challenges

Our results showld not be interpreted fo supgest  Lhat

mechanistic data have no role to play i informing determinations
of potential carcinogens nsks of chemicals to human, Rather, the
findings demonstrate an vrgent need for explicis, transpasent, amd
scientifically robust procedures 1o evaluate the relevance and reli-
ability of mechanistic datasets and the process of integranng
mechanistic resulos with extant anlmal toxicity findings and human
epideminlogy. Goodman and Lynch {(2017) reached a similar
conclusion, recommending that AR develop and apply “eaplicit
puldance for how to consider the totalicy of the mechanistic evi-
defre, i luding study strengths and limitatkons | noting thas
“|Aldopting 4 systematic approach for evaluating and integrating
mechanisec evidende with Lhe other realms of evidersce will allowr
for hazard classsfications that are soiennfically defensible and
apprepriate for regulatony deasion-making.”™

The sientific confidence framework [Cox et al. Jil4: Patlewicr
or al, 2015 and Cox et al, 2016] designed o aid in developing,
cvaluating and communicating the scienific confidence in Tax2
aweays and their prediction models was derived in part from
puidande on the wie of bomarkers in medscine [I0M, 20000
Adaprion of such aframework should be considered o enhance the
npgar and transparency of the ARC process for integraton of
mechanistic evidence, The elements of this stientific confidence
framework are; (1] Analytical validation of mechamnislic avsays [hat
includes documentation of the blolegecal basis and anabytecal per-
formance of assays, incloding reliatilioy, sensimyany, speafioty and
domain of apphcability for all assays; (2] Qualificatken of inference
or prediction models based on mechanistic assays, a transparent
charactenization that includes explicn decision critena, decisien
logic or a defined algonthm for each evidence integration moded,
appopriate measures of goodness-of-At robustness and  perfor-
mande dicumentation in soffickent detail to faclitale review,
recomtruction and independent venification and replication of re-
sults; and (1) Urilizarson, 4 specilication of the confidence that
supgorts the fitness inference decision critena, decision bogic or
predsction model derived from mechanastic assays for a speafic
purpose or use, For all three aspects of this framework, the soen-
e juitification underpinning the wwe for a specific decision
conlex! requires documentation with sufliceen? detail 1o enable an
independent solentific reviewer to replicate the amalysis

Another reason the IARC approach falls shoet es that o does not
exphicitly incorporate understanding of the causal linkages of the
wquence of key events and biolagical responses (including dose-
tesponse il temporad relatbomilups) involved in carcincgenssis
For incorpod atang mwechankstic daca into cancer hazand evaluarions,
wie specifically recommend adoption of the AP [(GECT, 2016] or
MOA framework (Meek et al, 20104 that artsculates towicity path-
weays comprised of sequences of key events, starting with an initial
miolecular event, lollowed by a weries of key events linked o one
amoaheer, ubtimately resulting in a spedific adverse outcome (Meck
et al, 2013, 2014). Mechaniste and ofservational datasets can
then be organized and aligned wath comesponding key events and
key event refationships, and defined Bradford Hill cawsal consid-
eralions can be applied [oassess biokogical plausibilny, essentialicy
and emgenical evidence ( Becker et al, 2007; Mewk or al, 2013, 2014;
OECD, Z016). Furthermare, adoption of the recently developed
causal analysis sconng approach for evaluating the weight of evi-
dence of polential cancer KOAs [Recker ef al, 2007 ), il froo the
WIHOIMCS MOA framewodk, would provede 3 systematc and
transparent approach for evaluating a chemical dataset incleding
mechanistic data, using hypothesized MOAs and the evolved
bradlomd Hill causal considerations for integrating evidence. This
quantitative confidence scoring appeodch Lacibirates side by side
comparison of different ypothesifed cancer MOAS and i useful in
characteriring the Likely operaine K0OA
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5, Note added in prool

Wiile [hus manuscopt was undergoing peer review, Chiv et al
12017 publeshed “Use of high-throughpur in wirra  rasicary
screemuing data in cancer hazard evalwanons by IARC Monograph
Working Groups” (ALTEX [online first, hicp:)/dx dolocg 004571
Alrex 1703231 Unlike the inwestigation we conducted, the Chiw
et al [2007] study did not include adjustment of ToxCastTox21
rexulis for the activity burst phenomena. As shawn inour anakysis,
lack ol consideration of this bunt effect (eg., failere o acoount for
cylotonicity] leads to soientifically questionable, and at fimes, un-
founded, conclosions, Tuithermore, Chia et al (2017) did not
cvaluate the abitiny of HTS data to predicn canced olassificamions.
fmstead, Chiu and colleagues employed a case study approach that
appears to essentially mirror the methodology used in the recent
[ARC Monographs, they relied on Toxf evaluations for actoaby
rankings, HTS activity hit frequencies. and an expert judgment
approach (wathout accompamying a prict sciende-hawed ground
rules or systematc gubdance] to integrate mechanibgic data
(encluding not anly ToxCastTon21 data but apparently also resulcs
from other in virro and in vivo mechanistic studies ] We recommend
that readers carefully evaluate the strengths and lomatations of our
study. and thase of Chiu et al. (2017 jin determining the evsdentiang
value of HTS TowCast(Tox2 1 resulis For informing deaisions on po-
tential carcinogenic nisks of chemicals.
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